The consumption of garlic is inversely correlated with the progression of cardiovascular disease, although the responsible mechanisms remain unclear. Here we show that human RBCs convert garlic-derived organic polysulfides into hydrogen sulfide (H2S), an endogenous cardioprotective vascular cell signaling molecule. This H2S production, measured in real time by a novel polarographic H2S sensor, is supported by glucosemaintained cytosolic glutathione levels and is to a large extent reliant on reduced thiols in or on the RBC membrane. H2S production from organic polysulfides is facilitated by allyl substituents and by increasing numbers of tethering sulfur atoms. Allyl-substituted polysulfides undergo nucleophilic substitution at the ␣ carbon of the allyl substituent, thereby forming a hydropolysulfide (RSnH), a key intermediate during the formation of H2S. Organic polysulfides (R-Sn-R; n > 2) also undergo nucleophilic substitution at a sulfur atom, yielding RSnH and H2S. Intact aorta rings, under physiologically relevant oxygen levels, also metabolize garlic-derived organic polysulfides to liberate H2S. The vasoactivity of garlic compounds is synchronous with H2S production, and their potency to mediate relaxation increases with H2S yield, strongly supporting our hypothesis that H2S mediates the vasoactivity of garlic. Our results also suggest that the capacity to produce H2S can be used to standardize garlic dietary supplements.
D ietary garlic (Allium sativum) has been recognized for its beneficial health effects for centuries. In particular, garlic consumption has been correlated with the reduction in multiple risk factors associated with cardiovascular diseases such as increased reactive oxygen species, high blood pressure, high cholesterol, platelet aggregation, and blood coagulation (1) , but the active principles and mechanisms of action remain elusive. Garlic is rich in organosulfur compounds considered responsible for most of its pharmacological activities. Allicin (diallyl thiosulfinate), the main organosulfur compound, is produced from the amino acid alliin by action of the enzyme alliinase when garlic is crushed. Allicin, unstable in aqueous solution, rapidly decomposes mainly to diallyl sulfide (DAS), diallyl disulfide (DADS), diallyl trisulfide (DATS), and ajoene (2) . After consumption, neither allicin nor its metabolites have been found in blood or urine (3) , indicating that these compounds are rapidly metabolized.
Mounting evidence indicates that hydrogen sulfide (H 2 S) plays a cell signaling role similar to NO and CO (4, 5) . Signaling may be mediated by H 2 S, HS Ϫ , or, less likely, S 2Ϫ , species related by prototropic equilibrium defined by pK 1 of 6.9 (6) and pK 2 of 19 Ϯ 2 (7) , resulting in molar fractions of H 2 S, HS Ϫ , and S 2Ϫ at 0.26, 0.74, and 1.7 ϫ 10 Ϫ12 , respectively, at a physiological pH of 7.4. Herein, the term H 2 S refers to totality of free sulfide in solution.
In vivo and in vitro cardiovascular effects of H 2 S include decreased blood pressure (8) , cardioprotection against ischemic reperfusion damage (9) , and O 2 -dependent vasorelaxation (10) . In the vascular system, H 2 S is produced in vascular smooth muscle cells via cysteine metabolism by the pyridoxal 5Јphosphate-dependent enzyme cystathionine-␥-lyase (8) . Nonenzymatic H 2 S production may also occur in the vasculature, as Searcy and Lee (11) , corroborated by ourselves (data not shown), have demonstrated that human RBCs produce H 2 S when provided with elemental sulfur (S 8 ) or inorganic polysulfides (S 3 2Ϫ and S 5 2Ϫ ). However, because inorganic polysulfides are not likely dietary, we predicted that the organic polysulfide compounds found in dietary garlic may react with RBCs in a similar way, perhaps representing a substantial potential source of vascular H 2 S.
Here we demonstrate that garlic-derived organic polysulfides are H 2 S donors via glucose-supported and thiol-dependent cellular as well as glutathione (GSH)-dependent acellular reactions, and we propose the chemical mechanism by which H 2 S is produced leading to vasorelaxation. Taking these observations together, we propose that the major beneficial effects of garlicrich diets, specifically on cardiovascular disease and more broadly on overall health, are mediated by the biological production of H 2 S from garlic-derived organic polysulfides.
Results
To define the real-time kinetics of H 2 S production by RBCs, we used a polarographic H 2 S sensor (PHSS) in a temperaturecontrolled closed-chamber respirometer (12) . All experiments were performed at pH 7.35 and 37°C. Freshly collected and prepared human RBCs suspended in anoxic PBS containing 50 M diethylenetriaminepentaacetic acid (DTPA) initiated substantial H 2 S production upon the addition of 1 mg/ml garlic ( Fig.  1A) , a concentration equivalent to two garlic cloves (5-6 g) dissolved in the blood volume of a typical adult human (Ϸ5 liters). Because abundant cellular thiols may reduce polysulfides to liberate H 2 S, GSH, near 2 mM concentration in freshly collected RBCs (13) , represents a likely candidate for such a reaction. This led us to predict that, if H 2 S production is mediated by GSH, then sustained H 2 S production by RBCs would depend on the presence of glucose to maintain GSH levels. Freshly collected RBCs (20% vol/vol) placed in two identical respirometer chambers, one with glucose and one without glucose, exhibited rapid H 2 S production at a rate near 12 M/min and yielded a concentration of Ϸ8 M H 2 S upon first injection of aliquots from a single garlic stock solution (to eliminate interclove variations in organic polysulfide concentra-tions) ( Fig. 1 A) . The slow decline in H 2 S after the initial rapid rise suggested ongoing H 2 S removal from solution, indicating that all H 2 S production rates should be considered net production rates. After the second and third garlic injections, RBCs with glucose showed sustained H 2 S production whereas RBCs without glucose gradually exhausted their H 2 S production capacity ( Fig. 1 A) . PBS and glucose alone did not exhibit garlicinduced H 2 S production.
We further predicted that, in RBCs without glucose, the cytosolic GSH pool would be depleted after exposure to garlic, compared with RBCs with glucose. Fig. 1B shows that RBCs incubated for 20 min with or without glucose or with glucose and garlic all had statistically similar GSH and glutathione disulfide (GSSG) concentrations. The GSH/GSSG ratios in these RBCs indicated that GSH was largely in its reduced form, consistent with the literature (14, 15) . However, RBCs without glucose, after a single bout of garlic-induced H 2 S production, exhibited decreased GSH and increased GSSG concentrations, leading to a large decrease in the GSH/GSSG ratio compared with control, although total GSH equivalents were conserved ( Fig. 1B) . In fact, GSH and other thiols (cysteine, homocysteine, and N-acetylcysteine) reacted directly, in the absence of RBCs, with garlic to produce H 2 S (Fig. 1C) , with rates and yields that indicate a reaction preference for GSH in the production of H 2 S.
Other redox active components that may participate in this reaction include membrane protein thiols, perhaps on both membrane faces. To test this, RBCs were pretreated with thiol-blocking reagents, either membrane-impermeable iodoacetic acid (IAA) or membrane-permeant iodoacetamide (IAM), for 20 min at room temperature, then washed before H 2 S production and GSH and GSSG concentrations were measured. IAA blockade of exofacial thiols did not statistically alter total intracellular GSH equivalents or the GSH/GSSG ratio ( Fig. 1B ) but inhibited garlic-induced H 2 S production by 75% compared with control ( Fig. 1D ). In contrast, IAM blockade of both exofacial and intracellular thiols resulted in elimination of both the entire GSH pool ( Fig. 1B ) and garlic-induced H 2 S production ( Fig. 1D ).
To explore the chemical efficacy of specific garlic-derived organic polysulfides in GSH-mediated H 2 S production, 2 mM GSH was combined with 100 M each of DATS, DADS, DAS, allyl methyl sulfide (AMS), and dipropyl disulfide (DPDS) in PBS ( Fig. 2A ). Total H 2 S yield ( Fig. 2B ) was highest with DATS followed by DADS and was lowest with DPDS.
Increased garlic consumption in some populations is associated with lower incidence of hypertension (1) . To test the vasorelaxant effect of garlic-induced H 2 S production, phenylephrine (PE)-precontracted aorta rings were suspended in a 37°C organ bath containing 1 mM GSH under physiological O 2 conditions and provided with 50, 200, and 500 g/ml garlic. These additions resulted in concentration-dependent simultaneous vasorelaxation and H 2 S production ( Fig. 3 A and C) . To establish the chemical efficacy of H 2 S production on vasoactivity, specific garlic-derived organic polysulfides were added to aorta ring preparations, again under physiological O 2 conditions. PE-precontracted aorta rings showed maximum relaxation with DATS and DADS and minimum relaxation with DPDS and AMS ( Fig. 3 B and D) , effects that paralleled their H 2 S yields ( Fig. 2 ), suggesting a link between bioactivity and production of this signal molecule. In the presence of authentic H 2 S donors such as the lipophilic garlic polysulfides, H 2 S is formed either on the cell surface or in the cytoplasm, most likely leading to a substantially higher local and relatively sustained H 2 S dose that is more potent in producing vascular relaxation than are direct bolus additions of H 2 S. Mechanically denuded aortic segments exhibiting KCl-mediated contraction but no acetylcholine-mediated relaxation remained responsive to the relaxation effects of DADS (Fig. 3D) , demonstrating that a functional endothelium was not required for this response. The addition of GSH to the precontracted aorta rings was required to measure H 2 S production as shown in Fig. 3 A and B , but experiments conducted with and without GSH do not show a difference in vasorelaxation (Fig. 3E ). Furthermore, H 2 S production by reaction of garlic-derived organic polysulfides with GSH in the absence of RBCs is most likely supplemented by H 2 S production by aorta directly (Fig. 3F ).
Discussion
Garlic has been used for centuries in the treatment of diverse ailments in many cultures (1) . Here we demonstrate that garlic and garlic-derived organic polysulfides induce H 2 S production in a thiol-dependent manner and that this signal molecule mediates the vasoactivity of garlic (Fig. 4) . Organic polysulfides such as DATS and DADS act as H 2 S donors when they react with biological thiols including GSH, and glucose is necessary to maintain the reduced GSH pool, likely via the pentose phosphate pathway-mediated NADPH production that supports GSH reductase activity. We observed that exofacial membrane protein thiols play an important role in H 2 S production from garlic-derived organic polysulfides, suggesting the participation of a transplasma membrane reductase system (16) , perhaps driven by NADPH and GSH, that acts to maintain exofacial thiols in the reduced state, thereby sustaining H 2 S production. In addition, we observed that these compounds can cross the membrane, as previously reported for allicin (17) , to react with intracellular GSH because blocking the exofacial membrane thiols did not completely abrogate H 2 S production. The data presented here suggest that garlic-induced H 2 S production can occur in any thiol-containing cell and that H 2 S thus produced diffuses through plasma membranes causing vascular smooth muscle cell relaxation, likely via activation of K ATP channels (8) .
Other membrane channels may also be affected by garlic. For example, garlic-derived compounds activate TRP channels in sensory neurons and human embryonic kidney cells (18, 19) .
Reports on garlic-mediated (20) (21) (22) and H 2 S-mediated (8) vascular smooth muscle relaxation indicate that both are based in part on NO signaling pathways, but the main action of both garlic (20) and H 2 S (8) is likely the opening of vascular smooth muscle cell membrane K ATP channels, leading to depolarization and blood vessel dilation. Garlic-mediated vasorelaxation has previously been studied under the traditional high 95% O 2 (900 M) (20, 21) where spontaneous and biological H 2 S oxidation would be accelerated. High O 2 levels also likely increase the activity of NO synthase (23), thereby increasing the observed contribution of the NO signaling pathways. Interestingly, under high O 2 conditions, the effects of endothelium removal or Fig. 4 . Proposed model of garlic-induced H2S production and H2S function in the vascular system. Garlic-derived organic polysulfides with allyl moieties and more than two sulfur atoms (see Fig. 5 ) react with exofacial membrane thiols and cross the cell membrane to react with GSH to produce H 2S. Glucose is the main energy source of RBCs, supporting glycolysis and pentose phosphate pathway (PPP) reduction of NADP ϩ to NADPH, a cofactor of GSH reductase (GR), which maintains the intracellular GSH pool. GSH may also participate in transmembrane electron transfer to reduce exofacial thiols (16) . H 2S production then leads to vasorelaxation via vascular smooth muscle cell K ATP-linked hyperpolarization (8) .
N-nitro-L-arginine-methyl ester (L-NAME) addition to eliminate NO production are minor if the concentration of garlic extract (or allicin) is increased (21) . H 2 S-mediated vasorelaxation decreases at higher O 2 levels in part as a result of H 2 S oxidation but also because sulfide oxidation products mediate vasoconstriction (10) . In contrast, at lower, more physiological O 2 levels, a decrease in NO synthase activity and a relative increase in H 2 S persistence may alter the observed efficacy of these signaling pathways. We have found that H 2 S, acting as a reductant and nucleophile, reacts with S-nitrosothiol species to release NO, providing another mechanism by which H 2 S could augment vasorelaxation (24) . We observed that the chemical conversion of garlic-derived organic polysulfides to H 2 S is facilitated by allyl substituents and by increasing numbers of tethering sulfur atoms (see Fig. 2 for chemical structures). A similar structure-activity correlation has been observed for the cancer-preventative effects of garlicderived organic polysulfides (25, 26) . The facile formation of H 2 S from the reaction of DADS with GSH indicates that this reaction proceeds at least in part by a different mechanism from the more common thiol/disulfide exchange because the exchange reaction does not produce H 2 S (Fig. 5A, blue) . We propose that, in a reaction competing with thiol/disulfide exchange, DADS undergoes nucleophilic substitution at the ␣ carbon, yielding S-allylglutathione (27) and allyl perthiol, a key intermediate in the formation of H 2 S (28-31) (Fig. 5A, red) . The resulting allyl perthiol then undergoes nucleophilic substitution at the S-atom in a manner analogous to thiol/disulfide exchange, yielding allyl-GSSG and H 2 S. The allyl-glutathione disulfide is an additional target for nucleophilic substitution at the ␣ carbon, leading to further H 2 S production. The allyl perthiol may also undergo nucleophilic substitution at the ␣ carbon yielding S-allylglutathione and H 2 S 2 that in turn reacts with GSH to produce H 2 S (Fig. 5, reactions B and C) . Organic disulfides substituted with only one allyl group may also produce H 2 S, albeit in lower yields. In contrast, organic disulfides with propyl substituents such as DPDS show only trace H 2 S production, confirming Streitwieser (32) , who estimates that the rate of nucleophilic substitution at the ␣ carbon in an allylic residue is Ϸ100 times faster than with an N-propyl residue. Organic trisulfides and probably higher polysulfides may undergo nucleophilic substitution at an S-atom, yielding a perthiol or higher hydropolysulfides that then react further with GSH to form H 2 S (Fig. 5 , reactions D and E). Elemental sulfur also reacts with GSH to yield H 2 S in a similar manner (data not shown). Protein thiols and other biological thiols may compete with GSH for organosulfur compounds in certain microenvironments such as plasma membranes, resulting in H 2 S formation as well as protein covalent modifications.
Few plants other than garlic contain allyl-substituted sulfur compounds, and garlic is the only one of these with a dietary use. We propose that H 2 S production from these garlic-derived organic polysulfides provides the basis for the long-term beneficial effects obtained from the habitual consumption of garlic.
Although numerous clinical studies have demonstrated the beneficial effects of garlic on cardiovascular disease progression, there exist a sufficient number of studies that show little or no beneficial effects. Critical reviews attempting to address these contradictory results often site differences in subject health status, trial duration, and unknown active constituents in various garlic preparations as nonuniform factors contributing to inconsistent outcomes (33) . If boosting endogenous H 2 S production in blood and tissues represents an essential benefit of ingesting garlic, then differences in this important variable may well influence the outcome and should be addressed in future clinical trials. In addition, our results suggest that the capacity to produce H 2 S can be used to standardize garlic dietary supplements.
Materials and Methods
Materials. GSH, IAA, IAM, PBS, sodium sulfide, L-cysteine, N-acetylcysteine, homocysteine, glucose, m-phosphoric acid, L-NAME, DADS, DAS, DPDS, and AMS were obtained from Sigma (St. Louis, MO). DATS was purchased from LTK Labs (St. Paul, MN).
RBCs. Collection of venous blood was made in heparin-containing tubes from healthy volunteers after obtaining informed consent, according to University of Alabama at Birmingham Institutional Review Board-approved procedures. Freshly collected blood was centrifuged at 1,000 ϫ g for 10 min, and plasma and upper buffy coat were removed by aspiration. RBCs were washed by centrifugation three times with 10 mM PBS containing 50 M DTPA (used to chelate metals) (pH 7.35) and finally resuspended to a hematocrit of 20% or 40% (vol/vol) using 10 mM PBS with 50 M DTPA. To limit spontaneous oxidation of any H 2 S produced during respirometer experiments, RBCs in 10 mM PBS and 50 M DTPA were first deoxygenated in a gently swirling argon-perfused tonometer to avoid hemolysis that could occur by bubbling. Initial experimental use of 40% (vol/vol) RBCs resulted in enough H 2 S production to allow the use of 20% (vol/vol) in subsequent experiments. Freshly collected RBCs required a preparation time of Ϸ4 h. Buffer sampled after respirometry experiments indicated Ͻ1% hemolysis.
Garlic. Garlic bulbs were obtained from local supermarkets. Fresh garlic cloves were weighed (1-3 g), then pressed to obtain the juice, which was kept on ice. Before use, the juice was diluted 1:10 with water to obtain a stock of 100 mg/ml, then used within 2 h of preparation.
Respirometer Sensor Calibration. The PHSS is sensitive and specific and allows real-time measurement of dissolved H 2 S concentration in physiological solution (12) . PHSS performance and calibration were evaluated in a temperature-controlled multisensor oxygraph respirometer (Oroboros, Innsbruck, Austria) 
